This paper presents a summary of degrading organic compounds of nuclear laundry water by ozonation in different conditions of pH, hydrogen peroxide and ultraviolet radiation.
INTRODUCTION
Nuclear power plants (NPPs) produce large amounts of laundry and shower water containing organic compounds such as surfactants. It is advisable to eliminate or reduce them before the water is released to the environment (Matsuo et al. 1997; Nishi et al. 2001) . Especially some of the surfactants are quite resistant to biodegradation and chemical treatment is required to reduce organic content and toxicity (Brambilla et al. 1997; Kitis et al. 2000) .
Nuclear laundry water is typically treated by addition of activated carbon powder (ACP) to adsorb the organic matter. After treatment the spent ACP and precipitants are filtrated from the wastewater. The main disadvantage is the production of high amounts of secondary waste and non-reusable ACP. Activated carbon filter (ACF), however, produces less waste since the spent ACF can be recovered by vacuum heating (Matsuo & Nishi 2000) .
Alternatively, ozonation and advanced oxidation processes (AOP) have proven to be efficient in the treatment of nuclear laundry water and waters containing refractory surfactants (Narkis et al. 1985; Brambilla et al. 1997; Matsuo et al. 1997; Kitis et al. 2000; Matsuo et al. 2004) . Ozonation modifies molecular structure and surface active properties of surfactants thus resulting in reduction of organic compounds and enhancing the biodegradability of the wastewater (Narkis et al. 1985; Brambilla et al. 1997; Kitis et al. 2000) . Especially, the aliphatic and ethylene oxide (EO) groups of linear alcohol ethoxylates are easily degraded (Adams et al. 1996) .
This paper is the summary of the most significant, long term experiments at ambient temperature (Vilve et al. 2007 (Vilve et al. , 2008 
MATERIALS AND METHODS

Nuclear laundry water
The studied laundry water came from washing of protective clothing in the radiological controlled area (RCA) in Loviisa nuclear power plant, Finland. Usually, the laundry water is not radioactive and is thus discharged into the sea through a constantly functional radiometer. If the water is radioactive, it is processed in the drain water purification plant (Kallonen 2002) . In 2007, about 1,549 m 3 of laundry water was produced at the NPP. The washing powder used (yearly consumption 1,549 kg) contained sodium carbonate, sodium silicate, sodium chloride, carboxy methyl cellulose, polycarboxylate and non-ionic surfactants. These surfactants are classified as alkyl alcohol (C13-C15) ethoxylates with seven hydrophilic ethylene oxide (EO) groups.
The softener used (yearly consumption 1,377 L) contained perfume, colourant and cationic surfactants, which are classified as dialkyl ammonium methosulfate with ester bonds between hydrophobic groups.
At the NPP the laundry water is collected into control tanks (2 £ 20 m 3 ), which also include very small amounts of analysed samples of primary circuit, released from laboratory. Radioactivity, pH, nutrients (N, P), conductivity and solid matter were determined at the NPP. The pH and organic content of untreated laundry water used in different test series are presented in Table 1 . Preliminary analyses of the washing powder (1 g/L, based on yearly consumption) showed that its COD and TOC were about 170 mg/L and 55 mg/L, respectively. In proportion, COD and TOC of the softener (0.9 ml/L, based on yearly consumption) were about 320 mg/L and 100 mg/L, respectively.
Ozonation equipment
The schematic diagram of the experimental setup is presented in Figure 1 . When needed, the pH of the laundry water was adjusted to given levels by adding 0.5 M sulphuric acid. Ozone was generated from pure dried air by means of Pacific Technology G-22 generator with maximum capacity of 28 g O 3 /h. In a semi-batch bubble column (water volume of 10 L) the laundry water was circulated through dissolved ozone measuring chamber and UV reactor (when used) back to the column at flow rate of 2.4 L/min. The UVreactor was TrojanUVMax A (intensity 24.4 mW/cm 2 , maximum flow rate 11 L/min, effective volume 0.51 L). (Gottschalk et al. 2000) . In the ozonations of different pH, the transferred ozone dose increased with increasing pH due to accelerated decomposition of ozone into free radicals (Staehelin & Hoigné 1982; Glaze 1986; Gottschalk et al. 2000) . At pH 3 the transferred ozone dose to the water sample was approximately 75 mg/L, whereas at pH 10 it was about 120 mg/L. Because of the rapid reactions of ozone, no residual dissolved ozone was detected at pH 7 and 10.
However, the highest reductions of COD and TOC were obtained at pH 3, but the ozonation time (2 h) was much longer than at pH 7 (75 min) and pH 10 (90 min pH 3). This suggests that the water sample contained substances that were also degraded by indirect pathway.
Even if hydroxyl radicals are more powerful than molecular ozone, their reactions are unselective and therefore more likely to be hindered by competitive reactions (e.g. scavengers) (Kasprzyk-Hordern et al. 2003) . The scavengers (e.g. bicarbonate and carbonate) terminate the generation of the radicals and inhibit ozone decay.
By increasing the pH, the bicarbonate ion is transformed into the carbonate ion, which enhances hydroxyl radical scavenging. Thus direct molecular ozone reactions become more important with the consequence of lower total reaction rates (Gottschalk et al. 2000) . In the conducted studies, the amount of inorganic carbon increased with increasing pH (Table 2) , indicating that the inhibition effect was the strongest at pH 10, thus resulting in lower reductions of COD, TOC and BOD than at pH 7 and 3.
In alone. This phenomenon was stronger at pH 10 than at pH 7. Especially the addition of hydrogen peroxide increased significantly transferred ozone dose. Hydrogen peroxide reacts with ozone only when present in its ionised form; HO 2 2 . The decomposition of hydrogen peroxide increases with increasing pH resulting in accelerated reaction of ozone with HO 2 2 (Staehelin & Hoigné 1982 ) and thus increased transfer of ozone into water (Beltran et al. 1997) . Residual dissolved ozone was not detected in any experiment due to rapid reactions of ozone.
However, compared to the experiments using ozone alone, significant improvements of COD, TOC and BOD reductions were only detected when ozone was combined with hydrogen peroxide and UV radiation. In O 3 /H 2 O 2 process, the reaction between HO 2 2 and ozone can result in excess production of hydroxyl radicals, which can recombine, decreasing the overall rates of degradation (Glaze et al. 1987) . Ozone can also react directly with radicals thus consuming both ozone and radicals. These may be consumed by scavengers, too. Additionally, it should be considered that hydrogen peroxide can act as a hydroxyl radical scavenger itself (Gottschalk et al. 2000) .
O 3 /UV/H 2 O 2 process is a very powerful method because it can produce radicals in many ways. The photolysis of ozone dissolved in water leads to the production of hydrogen peroxide, which further decomposes to hydroxyl radicals (Peyton & Glaze 1988) . Hydroxyl radicals are also generated from the photolytic decomposition of hydrogen peroxide and from the reaction of O 3 and HO 2 2 . This excess production of radicals enables enhanced reduction of organic compounds which have to compete with all of the other hydroxyl radical traps present in water. Substances can also decompose through direct reactions with molecular ozone, as well as a possible direct photolysis (Glaze et al. 1987; Beltran 2004) .
In the conducted studies, the combination of ozone, UV radiation and hydrogen peroxide was the most effective process, both at pH 10 and at pH 7. The ozonation time was the shortest and especially the reduction of BOD increased due to extensive oxidation of organic compounds.
Many studies (Brambilla et al. 1993; Gogate & Pandit 2004; Kusˇić et al. 2006 ) verify that in the ozonations combined with UV and/or H 2 O 2 the most favourable pH in the degradation of organic compounds is near neutral or slightly alkaline. These conclusions were evident in the conducted studies where decreased amount of inorganic carbon trapping hydroxyl radicals at pH 7 (Table 2 ) also supports better reductions of COD, TOC and BOD.
Although the organic content reduction did not provide information about surfactant loss, it indicated the degree of purification of the laundry water.
CONCLUSIONS
Ozonation experiments were performed in different conditions of pH, hydrogen peroxide and UV. Of the studied conditions, the reductions of COD, TOC and BOD were the most effective at pH 7 with ozone/UV/H 2 O 2 treatment due to increased rate of hydroxyl radical generation.
